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To explore the role of the Rho GTPases in lens morphogenesis, we overexpressed bovine Rho GDP dissociation inhibitor (RhoGDIα), which
serves as a negative regulator of Rho, Rac and Cdc42 GTPase activity, in a lens-specific manner in transgenic mice. This was achieved using a
chimeric promoter of δ-crystallin enhancer and αA-crystallin, which is active at embryonic day 12. Several individual transgenic (Tg) lines were
obtained, and exhibited ocular specific phenotype comprised of microphthalmic eyes with lens opacity. The overexpression of bovine RhoGDIα
disrupted membrane translocation of Rho, Rac and Cdc42 GTPases in Tg lenses. Transgenic lenses also revealed abnormalities in the migration
pattern, elongation and organization of lens fibers. These changes appeared to be associated with impaired organization of the actin cytoskeleton
and cell–cell adhesions. At E14.5, the size of the RhoGDIα Tg lenses was larger compared to wild type (WT) and the central lens epithelium and
differentiating fibers exhibited an abnormal increase of bromo-deoxy-uridine incorporation. Postnatal Tg eyes, however, were much smaller in size
compared to WT eyes, revealing increased apoptosis in the disrupted lens fibers. Taken together, these data demonstrate a critical role for Rho
GTPase-dependent signaling pathways in processes underlying morphogenesis, fiber cell migration, elongation and survival in the developing
lens.
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Lens fiber cell morphology, migration, membrane remodeling
and intercellular adhesions are some of the key determinants of
lens shape, distinct architecture and ultimately, optical properties.
During lens development, the newly formed lens epithelial cells at
the germinative zone migrate from the equator, elongate and
differentiate into fiber cells. Lens fiber cell elongation and
differentiation is associated with a dramatic change in cell
morphology, with the length of fiber cells increasing on the order
of several hundred-fold (Chow and Lang, 2001; Lovicu and
McAvoy, 2005; Piatigorsky, 1981). Thesemorphological changes
are associated with membrane cytoskeleton remodeling, actin⁎ Corresponding author. Department of Ophthalmology, Box 3802, Duke
University School of Medicine, Durham, NC 27710, USA. Fax: +1 919 684
8983.
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doi:10.1016/j.ydbio.2007.12.039filament assembly and cell adhesion turnover (Beebe et al., 2001;
Lee et al., 2000; Mousa and Trevithick, 1977; Perng and Quinlan,
2005; Ramaekers et al., 1981; Rao andMaddala, 2006;Weber and
Menko, 2006a). In addition to morphological changes, the tips of
the elongating fiber cells at both anterior and posterior terminals
slide along the epithelium and capsule, respectively, as these cells
migrate inward, and finally detach at the suture where they form
contacts with their counterparts from the opposite side of the lens
(Bassnett et al., 1999; Lee et al., 2000). These cell movements are
fundamental for maintaining distinct lens fiber cell polarity. Since
lens grows throughout life, lens epithelial cell proliferation,
migration and differentiation are continuous events that are
temporally and spatially regulated (Chow and Lang, 2001; Lovicu
and McAvoy, 2005; Piatigorsky, 1981). It is recognized that lens
epithelial cells undergoing elongation and differentiation exhibit a
distinct pattern of actin cytoskeletal reorganization (Courtois et
al., 1981; Lee et al., 2000; Mousa and Trevithick, 1977;
Ramaekers et al., 1982;Weber andMenko, 2006a), and disruption
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tion and differentiation, indicating the importance of actin
filament organization for these processes (Mousa and Trevithick,
1977). Although important insights have emerged regarding
external cues controlling lens epithelial cell proliferation,
migration and differentiation, little is known about the signaling
pathways regulating fiber cell migration, adhesive interactions,
cytoskeletal reorganization, cell shape changes, and polarity
(Bassnett et al., 1999; Beebe et al., 2001; Lee et al., 2000; Perng
and Quinlan, 2005; Piatigorsky, 1981; Rao and Maddala, 2006;
Sue Menko, 2002; Weber and Menko, 2006a; Zelenka, 2004).
Rho GTPases are GTP-binding proteins that control many
features of cell behavior in all eukaryotic cells. They play a
pivotal role in regulating actin cytoskeletal organization, cell
adhesive interactions, and influence cell polarity, morphogen-
esis, migration, vesicle trafficking, cell cycle progression and
transcriptional activity (Burridge and Wennerberg, 2004;
Cernuda-Morollon and Ridley, 2006; Hall, 2005; Van Aelst
and D'Souza-Schorey, 1997). The Rho GTPases (Rho, Rac and
Cdc42), which have been extensively studied, have specific
functions attributed to each of the three GTPases in various cell
types. These include regulation of actin stress fiber and focal
adhesion formation, and cell motility by RhoGTPase; regulation
of membrane ruffling, lamellipodium formation, actin polymer-
ization, and cadherin-mediated cell–cell adhesion by Rac
GTPase, and control of filopodium formation, microtubule-
dependent cell polarization and migration by Cdc42 (Burridge
and Wennerberg, 2004; Etienne-Manneville and Hall, 2002).
Based on this understanding, it is widely suggested that the Rho
GTPases play a critical role in cellular processes that are depen-
dent on actin cytoskeletal organization (Hall, 2005). Lens
epithelial and fiber cells express the RhoA, RhoB, Rac1 and
Cdc42 GTPases (Chen et al., 2006; Maddala et al., 2001) and the
activities of these GTPases is known to be stimulated by various
growth factors involved in the regulation of lens growth and
differentiation (Maddala et al., 2003).
The Rho GTPases act as molecular switches by cycling
between active GTP-bound and inactive GDP-bound forms.
This cycling is regulated by guanine nucleotide exchange factors
(GEFs) which serve as activators, and GTPase activating
proteins (GAPs) and GDP dissociation inhibitors (GDIs),
which play the role of negative regulators of Rho GTPase
activity (Burridge and Wennerberg, 2004; Etienne-Manneville
and Hall, 2002). In their GTP-bound form, the Rho GTPases
interact with specific downstream effector proteins, which
include protein kinases and regulators of actin polymerization
(Burridge and Wennerberg, 2004; Cernuda-Morollon and
Ridley, 2006; Hall, 2005). While GEFs and GAPs mediate
GDP exchange and GTPase activation, respectively, the GDIs
inhibit GDP dissociation (Etienne-Manneville and Hall, 2002;
Sasaki and Takai, 1998). Three evolutionarily conserved
mammalian GDIs (GDIα, β and γ) displaying wide spread
expression across species have been identified so far (Adra et al.,
1997; Lelias et al., 1993; Scherle et al., 1993; Ueda et al., 1990).
Among them, GDIα, which is the most extensively studied, is
ubiquitously expressed, while GDI β and GDI γ display some
tissue specificity of expression (DerMardirossian and Bokoch,2005; Dovas and Couchman, 2005; Olofsson, 1999; Sasaki and
Takai, 1998). The GDIs negatively regulate Rho, Rac and Cdc42
activity through different modes of action including: a. direct
inhibition of GDP dissociation, b. extracting the Rho GTPases
from the membrane and preventing them to localize to the
membrane, and c. interacting with GTP-bound Rho GTPases
and preventing GTP hydrolysis and GEF interaction (DerMar-
dirossian and Bokoch, 2005; Dovas and Couchman, 2005).
In this study we have transgenically overexpressed bovine
RhoGDIα (which targets Rho, Rac and Cdc42) in the mouse
lens epithelium and fibers to explore and understand the role of
Rho, Rac and Cdc42 activity in lens epithelial proliferation, and
fiber cell elongation and differentiation. This study unveils the
distinct effects of impairing the function of Rho GTPases on
lens growth, differentiation and fiber cell organization, and
demonstrates a critical role for the Rho GTPases in lens fiber
cell migration, elongation and survival.
Materials and methods
Generation of transgenic mice
In this study we used a well-characterized, lens-specific δ1-enhancer/αA-
crystallin (δenh/αA) fusion promoter to drive the expression of a bovine
RhoGDIα transgene in lens epithelium and fibers (Xie et al., 2006). The bovine
RhoGDIα cDNA (614 bp, entire coding sequence) obtained from Yoshimi Takai
(Fukumoto et al., 1990) was inserted between the rabbit β-globin intron and the
human growth hormone (hGH) polyadenylation signal sequences (Fig. 1B). The
resultant plasmid with transgene insert (3.36 kb) was excised, purified and
injected into the pro-nucleus of B6SJLF1/J mouse embryos (work performed at
Duke University Transgenic Facility). Pups were screened for transgene
integration into genomic DNA by PCR analysis, using an αA-crystallin
promoter-specific forward primer (CCGAGCTGAGCATAGACATT) and
bovine RhoGDIα specific reverse primer (CCGGAAGGAGATTTTTATCC-
GAT). These founder mice were subsequently crossed into a C57/BL6
background to generate the transgenic progeny used in this study. All animal
procedures were conducted in accordance with the Association for Research in
Vision and Ophthalmology (ARVO) statement for the use of animals in
ophthalmic and vision research under an approved Duke University institutional
animal protocol.
Transgene copy number of each line was determined by quantitative real-
time PCR (Q-RTPCR) analysis by following the Roche LightCycler
quantification protocol (Technical note No. LC10) using the Bio-Rad iCycler
iQ detection system (Bio-Rad, Hercules, CA). The following bovine RhoGDIα-
specific forward and reverse oligonucleotide primer sets were used in real-time
quantitative PCR analysis: CTG GAC AAG GAC GAC GAG AGT C; CCG
GAA GGA GAT TTT TAT CCG AT, to yield a product of 230 bp. Con-
centrations of the bovine RhoGDIα PCR product of one of the Tg lines (δ6)
were translated into number of copies per μl of mole DNA as per the Roche
Applied Science protocol. This sample was serially diluted to obtain a standard
graph ranging 102–109 copies/μl of DNA. Real-time PCR reactions of standards
and experimental specimens were carried out simultaneously and the number of
copies of Rho GDIα DNAwithin each experimental sample was then estimated
using a standard curve and expressed as copies/μl of mole DNA.
Histological analysis
Embryonic heads (E11.5 and E14.5) and whole eyes (neonatal) of Tg and
wild type (WT) littermate mice were fixed in 50 mM cacodylate buffer (pH 7.2)
containing 2.5% glutaraldehyde, 4% sucrose and 2 mM CaCl2 for 2 h, and
transferred to 10% buffered formalin. The specimens were subsequently
embedded in glycol methacrylate, and 2-μm sections were cut and stained with
hematoxylin and eosin (H&E). Micrographs were captured using a Leica TCS
NT Microscope.
Fig. 1. Constitutive expression and distribution of RhoGDIα in the mouse lens, design of bovine RhoGDIα transgene construct, transgene expression, and ocular
phenotype. (A) Constitutive expression and distribution of RhoGDIα in P1 and P7 mouse lenses. (a) RT-PCR analysis of RhoGDIα and RhoGDIγ expression in P1
and P7 mouse lens; (b) Immunoblot analysis of RhoGDIα in P1 and P7 mouse lens and (c) Immunohistochemical localization of RhoGDIα in P1 mouse lens. The right
half of the panel c depicts the background staining detected using secondary antibody alone. (B) Schematic diagram of transgenic vector showing insertion of a bovine
RhoGDIα coding sequence under the chimeric promoter that contains the mouse αA-crystallin promoter (αAp) linked to the chick δ1-crystallin lens enhancer (δ-enh).
A polyadenylation signal sequence from the human growth hormone gene (hGH pA), and rabbit β-globulin intron sequences were added at the 3′ and 5′ends of the
RhoGDIα cDNA, respectively. Locations of the primers used for genotying by PCR are shown with arrows. (C) Bovine RhoGDIα transgene insertion, expression and
distribution in the transgenic mice. (a) PCR screening of transgenic and nontransgenic mice using tail DNA, (b) Confirmation of bovine RhoGDIα expression in the
transgenic mouse lens by RT-PCR analysis, and (c) Immunoblotting analysis using anti-RhoGDIαmonoclonal antibody to confirm increased levels of total RhoGDIα
(both transgenic and constitutive). (D) In situ hybridization analysis of bovine RhoGDIα transgene expression in the transgenic mice and note that expression is
localized specifically to the lens tissue. (E) Transgenic eyes derived from 1-month-old mice were much smaller in size compared to WT littermates (a) and the wet
weights of the Tg eyes were significantly reduced (N50% with Pb0.01) compared to those from WT mice (b).
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Cryostat sections (7 μm, sagittal and equatorial planes) were obtained from
whole eyes of both Tg and WT animals as described earlier by us (Maddala et
al., 2001). Air dried sections were initially treated with image iT™ FX signal
enhancer for 30 min, rinsed with 0.3% Triton X-100 phosphate buffered saline(PBST), and blocked with buffer containing 5% BSA and 5% goat serum in
PBST, for 1 h at room temperature. Tissue sections were then incubated
overnight at 4 °C with the respective polyclonal antibodies raised against β-
catenin (from Sigma-Aldrich, MO), aquaporin-0 (MIP-26) (kind gift from Dr
Sam Zigler), phospho αB-crystallin (Affinity Bioreagents, Golden, CO) or
Connexin-50 (from Alpha Diagnostics, San Antonio, TX), all used at a dilution
220 R. Maddala et al. / Developmental Biology 315 (2008) 217–231of 1:1000. These sections were washed with PBST and subsequently incubated
with Alexa Fluor® 488 goat anti-rabbit secondary antibody (Invitrogen,
Carlsbad, CA), for 2 h at room temperature. After thorough washing with
PBST, sections were cover slipped and mounted using 50% glycerol, for
viewing under a Zeiss LSM 410 confocal fluorescence microscope. For actin
staining, the pre-blocked sections were labeled with phalloidin conjugated with
tetra rhodamine isothiocyanate (TRITC) (500 ng/ml; Sigma-Aldrich), as
described above.
Immunostaining of RhoGDIα in lens paraffin sections was performed with
standard protocol using anti-RhoGDIα polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) and Vectastain Universal Quick Kit (Vector
Labs, Burlingame, CA). Staining was developed using 3, 3′-diaminobenzidine
(DAB) as a substrate according to the manufacturer's instructions.
Immunoblotting
To determine the expression of RhoGDIα protein in Tg lenses, lens tissue
(4–6 pooled) from both the WT and the Tg mice was homogenized in 20 mM
Tris buffer, pH 7.4 containing 1 mM sodium orthovanadate, 0.2 mM EDTA,
0.2 mM PMSF, 0.1 M NaCl, 50 mM NaF, aprotinin (25 μg/ml), leupeptin
(25 μg/ml), and centrifuged at 800×g for 10 min at 4 °C. Protein concentration
was estimated in supernatants by the Bradford method (Bradford, 1976). Equal
amounts of lens protein were separated on SDS-PAGE (Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis) gels with 12.5% acrylamide,
followed by electrophoretic transfer to nitrocellulose membrane. Membranes
were blocked over night with 3% milk protein, and then incubated with
RhoGDIα monoclonal antibody raised against the intact human protein
sequence (BD Transduction laboratories, NJ). Immunoblots were developed by
enhanced chemiluminescence (ECL), and scanned densitometrically for
analysis using NIH Image software. Similarly, crystallin protein profiles
were analyzed in whole lens tissue homogenates, which were prepared from
neonatal (P1) WT and Tg mouse lenses as mentioned above. αA and αB-
crystallin antibodies were obtained from Joe Horwitz and the rest of the
antibodies were from Samuel Zigler. The 800×g lens supernatants were also
utilized to quantify the levels of total Rho, Rac and Cdc42 by immunoblot
analysis using antibodies raised against anti-RhoA (rabbit polyclonal, Santa
Cruz Biotechnology, Santa Cruz, CA), anti-Rac1 (mouse monoclonal, Upstate
Biotechnology, Lake Placid NY) and anti-Cdc42 (rabbit monoclonal, Cell
Signaling, Danvers, MA).
Separation of membrane rich and soluble lens fractions
To analyze the distribution profile of Rho, Rac and Cdc42 GTPase in
membrane rich and cytosolic fractions, whole lenses (P1) from both WT and Tg
mice were dissected free of other tissue. The membrane rich and soluble
fractions were prepared from pooled samples (4–6 lenses per sample) as
described earlier (Maddala and Rao, 2005). Protein concentration was estimated
in both the soluble and membrane fractions by the Bradford method (Bradford,
1976). To determine distribution of Rho, Rac and Cdc42 GTPases in the
membrane-rich versus soluble fractions, equal amounts (60 μg) of lens soluble
(100,000×g supernatant) and membrane (100, 000×g pellet) protein fractions
were resolved on SDS-PAGE (12.5% acrylamide) and immunoblotted. β-actin
expression, which was found to be unaltered in the Tg lenses, was also probed
using monoclonal antibody (Sigma, Saint Louis, MO), to confirm loading
equivalence. These lens membrane-rich fractions were also used for
immunoblotting analysis of phospho-αB crystallin (Affinity Bioreagents,
Golden, CO), aquaporin-0 and intermediate filament protein CP-49. CP-49
antibody was a kind gift from Roy Quinlan.
In situ hybridization
Tissue cryosections (7 μm sagittal sections) derived from the eyes of
neonatal (P1) and embryonic whole heads (E17.5) of Tg andWT littermate mice
were hybridized with 35S-labeled riboprobes. Transgene-specific riboprobes
were generated from Bluescript SK− plasmid (Stratagene, La Jolla, CA) into
which human growth hormone (hGH) polyA sequences (see Fig. 1B) were
subcloned at the EcoRI site. Using M13 primers, the promoter regions inclusiveof multiple cloning site regions were amplified, these PCR products were gel
purified and used to generate the sense and the anti-sense probes by in vitro
transcription using T3 or T7 RNA polymerases (Promega, Madison, WI)
respectively. Sections stored at −80 °C were post fixed in 3% paraformaldehyde
in phosphate-buffered saline (PBS; pH 7.0), acetylated, dehydrated in an
ascending ethanol series, and air-dried. These processed sections were then used
for hybridization with either anti-sense or sense 35S-labeled probes (1×106 cpm)
by a standard method.
BrdU incorporation
Timed pregnant mothers at 15.5 days post-conception derived from all three
different transgenic lines, were injected with bromo-deoxy-uridine (BrdU) at a
concentration of 100 μg/g body weight and were sacrificed after 2 h of
incorporation. Heads of the E15.5 fetuses were fixed for cryosectioning
according to the procedure mentioned above. After genotyping, 7 μm serial
sections were cut and used for further analysis. To denature the DNA, air dried
cryosections (from WT and Tg) were incubated in 2 N HCl with 0.5% Triton
X100 for 30 min at room temperature and neutralized with 0.1 M sodium tetra
borate pH 8.5. After several washings in PBS, tissue sections were blocked (2%
BSA in PBS containing 0.5% Triton X100) for 30 min. For direct labeling of
BrdU, Fluorescein (FITC)-tagged anti-BrdU antibody from BD Biosciences
(Palo Alto CA), was applied onto the sections and incubated for 30 min at room
temperature. After excessive washing with PBS, these sections were counter-
stained with propidium iodide, and images were recorded using a fluorescence
microscope (Zeiss Axioplan-II). Total number of nuclei and the percent BrdU
positive cells in the lens epithelium and fiber mass of Tg and WT mice were
manually counted and assessed for statistical significance by Student t-test. An
average of 6–8 individual lens sections derived from two different mice was
analyzed per each Tg line.
TUNEL assay
In situ terminal transferase dUTP nick end labeling (TUNEL) staining was
performed using an ApopTag Plus Fluorescein kit (Chemicon, Temecula, CA)
to evaluate and compare apoptotic cell death in Tg mouse lens sections verses
those from WT littermates. Lens cryosections (7 μm sagittal sections), from
both P1 and E15.5 WT and Tg animals were mounted on gelatin-coated glass
slides, fixed first in 1% paraformaldehyde and then post-fixed in pre-chilled
ethanol/acetic acid (2:1). Multiple tissue sections were incubated with working
strength TdT enzyme (terminal deoxynucleotidyl transferase), which cataly-
tically adds digoxigenin-nucleotides to the fragmented DNA. Tissue sections
were then incubated with fluorescein-tagged anti-digoxigenin antibody.
TUNEL labeled sections and were further co-stained for nuclei with propidium
iodide. Apoptotic cells were scored using a fluorescence microscope (Zeiss
Axioplan-II).
Results
Increased expression of RhoGDIα in the ocular lens leads to
microphthalmic eyes
We examined for the constitute expression of RhoGDIα in
neonatal (P1) and postnatal (P7) WT mouse lenses by RT-PCR
and western blot analysis. Both P1 and P7 lenses showed easily
detectable levels of RhoGDIα expression by these analyses
(Fig. 1A, panels a, b). Immunohistochemical analysis further
reveals that RhoGDIα is distributed throughout the lens
including epithelium, elongating and differentiating lens fibers
with stronger staining in the lens fibers relative to the epithelium
(Fig. 1A, panel c). The right and left half in Fig. 1A (panel c)
depict the immunostaining of RhoGDIα in mouse lens in the
absence and presence, respectively, of RhoGDIα primary
antibody. Both P1 and P7 lenses were also shown to express
Fig. 2. Defective membrane translocation, and elevated levels of Rho, Rac and
Cdc42 GTPases in RhoGDIα transgenic mouse lenses. Distribution of Rho and
Rac GTPases panel A, and Cdc42 panel B in the soluble and membrane rich
fractions of lens tissue obtained from P1 Tg and WT mice. To evaluate the
influence of RhoGDIα overexpression on the membrane localization of Rho,
Rac and Cdc42 GTPases in the Tg and WT lenses, soluble and membrane
protein fractions were isolated from the P1 lenses (pooled samples) and Rho,
Rac and Cdc42 protein levels were evaluated by immunoblot analysis using
equal amounts of protein. These analyses were carried out in multiple and a
representative immunoblot is shown here. The soluble fractions were also
immunoblotted for actin to confirm equal protein loading among the different
samples. (C) Increased levels of Rho, Rac and Cdc42 GTPases in transgenic lens
homogenates (800×g supernatant). Lens homogenates (from pooled lenses)
derived from the Tg and WT mice were subjected to immunoblot analysis. The
same samples used in panels B and C were also immunoblotted for actin to
confirm equal protein loading. The Tg line 91 was not included in these
analyses.
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preferred expression in the brain (Adra et al., 1997).
Several independent lines of mice expressing the bovine
RhoGDIα transgene under the control of a lens-specific
chimeric δenh/αA-crystallin promoter were generated (Fig.
1C). The chimeric promoter consisting of a chicken δ1-
crystallin gene enhancer element and the mouse αA-crystallin
promoter (Fig. 1B) has been shown to drive transgene
expression in both lens epithelial and fiber cells (Reneker et
al., 2004). Many of the transgene positive founders (Fig. 1C, a)
exhibited ocular phenotypes including bilateral microphthalmia
with lens opacity. From three independent founders (δ6, δ22
and δ91) displaying marginally different degree of phenotype
and carrying different copy numbers of the transgene based on
quantitative real-time PCR analysis (5.5×108, 3.9×108 and
1.2×109 copies per μl of mol DNA, respectively), we generated
heterozygous progeny by breeding founders back to the C57/
BL6 mice, and characterized them in detail. Mice from these
three independent lines (δ6, δ22 and δ91) were examined for the
expression of RhoGDIα transgene by RT-PCR using sequence
specific oligonucleotide primers derived from the sequence of
bovine RhoGDIα. As shown in Fig. 1C (panel b), only Tg
lenses (pooled samples) yielded a positive PCR product for the
bovine specific RhoGDIα. Additionally, immunoblotting
analysis of lens homogenates (4–6 lenses pooled per sample)
derived from P1 mice from the three different lines (δ6, δ22 and
δ91) revealed markedly increased levels of total RhoGDIα
protein (both constitutive and transgenic) with levels being 9.6,
11.2 and 15.1-fold higher, respectively, as compared to that
noted in WT lenses (Fig. 1C, panel c). Additionally, in situ
hybridization of E17.5 and P1 Tg eyes with transgene-specific
riboprobe confirmed the lens-specificity of transgene expres-
sion, and revealed a distribution pattern that was much higher in
lens fibers compared to the lens epithelium (Fig. 1D shows data
from a δ6 E17.5 specimen).
All three Tg lines consistently exhibited the lens opacity
based on slit lamp microscopy (data not shown). Further, the
size of the postnatal Tg eyes (from all three lines) was
significantly smaller than the WT littermate eyes, with the eyes
derived from 1-month-old Tg mice showing a 50% or higher
reduction in wet weight compared to their WT littermates. Data
are shown for the Tg line δ6 (Fig. 1E; a, b).
Increased RhoGDIα expression in transgenic lenses disrupts
membrane translocation of Rho GTPases
To determine the effects of increased expression of
RhoGDIα on the distribution of Rho, Rac and Cdc42 GTPases,
equal amounts of protein from lens soluble and membrane-rich
fractions obtained from the P1 Tg (δ6, δ22 and δ91 lines) and
WT mice were subjected to immunoblotting analysis. In
multiple samples from different transgenic lines, higher levels
of Rho, Rac and Cdc42 GTPase immunoreactivity were found
to be associated with soluble fractions as compared to the WT
lenses (Figs. 2A, B). Conversely, lower levels of Rho, Rac and
Cdc42 GTPases immunoreactivity were noted in the membrane
rich fractions of Tg lenses, relative to WT lenses (Figs. 2A, B).Immunoblots of Rho and Rac GTPases derived from the soluble
fractions of the Tg lenses showed two closely migrating
immunopositive bands, presumably as a result of accumulation
of both isoprenylated and non-isoprenylated GTPases (Fig. 2A).
The accumulation of Rho, Rac and Cdc42 GTPases in the
soluble fraction of Tg lenses indicates defective membrane
translocation very likely due to higher levels of Rho GDIα in
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essential for activity of the Rho GTPases, the defective
membrane translocation of Rho GTPases noted in the RhoGDIα
Tg lenses is indicative of compromised signaling through the
affected Rho GTPase-dependent pathways (Etienne-Manneville
and Hall, 2002).
To further confirm impaired activity of Rho GTPases in
RhoGDIα overexpressing Tg lenses, we also performed
RhoGDI–Rac interaction assays using recombinant GST–
RhoGDI (Peterson et al., 2006). Rho GDIα has been shown to
have similar binding and inhibitory activity towards all three
Rho GTPases including Rho, Rac and Cdc42 (Olofsson, 1999).
Rac1 which is expressed at higher levels than the Rho and Cdc42
in the mouse lens (Fig. 2C) was analyzed as a representative of
different Rho GTPases. Unlike the RhoGDI–Rac complexes
from wild-type lenses that are clearly immunopositive for Rac,
transgenic lens RhoGDI–Rac complexes did not contain
detectable levels of Rac GTPase. This observation indicates
that most of the Rac in transgenic lenses already exists in the
form of RhoGDI–Rac complexes, owing to the higher amounts
of RhoGDI present in these lenses, and therefore not being
available for interaction with the GST–RhoGDI used as an
immunoaffinity reagent in the pull-down assay (see Supple-
mental Figure).
Interestingly, the protein levels of total Rho, Rac and Cdc42
were found to be much higher in the 800×g supernatant
fractions from transgenic lenses compared to those inWT lenses
based on the immunoblot analysis (Fig. 2C). However, thisFig. 3. Abnormal lens phenotype in the embryonic RhoGDIα transgenic mice. (A) H
eyes. The E14.5 Tg lenses from all three lines exhibit a marginal increase in size com
E14.5 lenses from Tg lines δ22 and δ91 show abnormal fiber cell morphology and d
lenses (white asterisks in panel A figures indicate the magnified area shown in panel
(indicated with arrows).increase in total Rho GTPases protein levels in the transgenic
lenses did not translate into elevated levels of free/active Rho
GTPases in the RhoGDI–Rac pull-down assays described
above (Supplemental Figure).
RhoGDIα overexpression in the transgenic lens disrupts fiber
cell migration, elongation and organization
The RhoGDIα Tg lenses derived from three independent
lines (δ6, δ22 and δ91) exhibit normal development at E11.5
and are indistinguishable from WT littermates based on the
histological analysis (not shown). At E14.5, in the Tg animals
(line δ22 and δ91), however, the organization of primary lens
fibers exhibits abnormalities, comprising of a swollen fiber cell
morphology and vacuolization (Fig. 3A). Fiber cell migration
and elongation pattern was found to be defective at the
equatorial region, and distinctly different from that observed in
WT lenses. Moreover, the secondary fiber cells of Tg lenses do
not exhibit the characteristic anterior to posterior stretched
symmetry (Figs. 3A and B). In the WT lenses, the anterior tips
of migrating and elongating fibers stretch and make contacts
with the apical surface of the epithelium and migrate towards
the suture line, while the anterior tips of the fiber cells of the Tg
lenses in contrast, bend and migrate towards the equatorial
epithelium (Fig. 3B indicated with arrows). In Tg line δ6, the
E14.5 lenses showed less obvious abnormality. Intriguingly, at
E14.5, the Tg lenses from all three lines were found to be
slightly bigger in size (by 18% based on mean of 13 Tg lensesematoxylin and eosin stained sagittal sections of E14.5 WT and RhoGDIα Tg
pared to wild type lenses. The magnification of WT and Tg lenses is the same.
efective secondary fiber cell organization. (B) Higher magnification of E14.5 Tg
B) at the equatorial region reveals defective fiber cell orientation and migration
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being much more pronounced in Tg line δ91 (26% larger than
the WT), which has relatively a high copy number of the
transgene compared to Tg lines δ6 and δ22. At day 1 (P1), the
Tg lenses exhibited gross defects in the lens fiber cell
organization in all three lines (Fig. 4A). The anterior tips of
the secondary lens fibers fail to elongate and do not make
connections with apical surface of the epithelium, and is
accompanied by extensive vacuolization at the equatorial region
of the lens (Fig. 4A indicated with arrow heads). Additionally,
the primary lens fibers in P1 Tg lenses fail to maintain
connections with the central epithelium (Figs. 4A and B
indicated with arrows). The primary lens fibers appear to retract
from the apical surface of the lens epithelium, an effect which
might derive from the defective secondary fiber cell elongation
and migration. The posterior tips of both the secondary and
primary lens fibers in Tg lens appear to extend straight towards
the capsule instead of migrating towards the suture line (Fig.
4C). Therefore, the Tg lenses do not exhibit the suture line that
we see in the postnatal WT lenses indicating defective fiber cellFig. 4. Abnormal lens phenotype in the neonatal RhoGDIα transgenic mice. (A) Hem
Tg lenses from all three lines reveal gross morphological changes especially in the
accumulation of vacuoles (arrow heads), blunted fiber cell anterior tips (arrows) and
lenses with multilayered nuclei and thickened epithelium (arrow heads). Globulizatio
from the apical surface of lens epithelial cells in the transgenic mice (indicated with ar
in the Tg lenses the fibers are completely disorganized, displaying an abnormal morp
magnified area shown in panels B and C.sliding and migration in the Tg lenses. The Tg lenses from both
line 22 and 91 frequently exhibit a ruptured capsule at P1 and
postnatal, with lens material leaking into the vitreous cavity
(Fig. 4A). Furthermore, unlike in the WT lenses where the
primary fiber cells exhibit denucleation, primary lens fibers
from Tg lenses contain intact nuclei, indicating defective fiber
cell terminal differentiation (Fig. 4C). The epithelium of the P1
Tg lenses frequently exhibits a thickened morphology with
multilayered nuclei compared to a single layer of nuclei in the
WT lenses (Fig. 4B, indicated with arrow heads). The Tg lenses
of 1-month-old mice from all three lines exhibited ruptured
capsules and complete degeneration (data not shown).
Effect of RhoGDIα overexpression on lens cell proliferation,
differentiation and survival
To determine the effects of RhoGDIα overexpression on
cellular proliferation in the developing lens, we conducted in
vivo BrdU incorporation experiments by injecting BrdU into
pregnant animals (all three Tg lines) and examining E15.5atoxylin and eosin stained sagittal sections of P1 WT and RhoGDIα Tg eyes. P1
lens fibers including defective lens fiber cell attachment with lens epithelium,
ruptured posterior capsule. (B) Abnormal morphology of lens epithelium in Tg
n of secondary lens fibers and detachment of primary lens fiber cell anterior tips
rows). (C) While in WT, the posterior lens fibers migrate towards the suture line,
hology and accumulate of nuclei. White asterisks in panel A figures indicate the
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anti-BrdU monoclonal antibody. Analysis of BrdU immunola-
beling using whole head tissue cryosections derived from both
the Tg (δ6, δ22 and δ91) and WT littermate E15.5 embryos,
revealed BrdU incorporation into the lens epithelium (Fig. 5A).
However, when compared to the WT lenses, the entire central
epithelium (region between the right and left equatorial/
germinative zones indicated with arrows) of the Tg lenses
showed increased BrdU labeling (Fig. 5A; Tg 22 and Tg 91).
Further, some of the lens fibers of Tg lenses also showed an
increased BrdU labeling compared to respective WT lens fiber
cells. Examination of multiple lens sections (6–8) derived from
different Tg and WT embryos revealed a consistent and
significant increase in BrdU incorporation into the central
epithelium (Fig. 5B, b) and in primary fiber cells (Fig. 5B, c) of
Tg lenses, indicating abnormal proliferation of lens epithelial
cells overexpressing RhoGDIα (Fig. 5B). Fig. 5B (panel a)
shows an increased total number of nuclei in the Tg lens
epithelium as compared to the WT lens epithelium. Since the
various WT lenses showed identical values, data derived from
WT littermate of Tg line 22 was given as a representative
(Figs. 5A, B).
To examine the effects of increased RhoGDIα expression on
lens differentiation-induced expression profiles of crystallins in
the lens, we evaluated crystallin protein levels in P1 lens totalFig. 5. Abnormal BrdU incorporation in RhoGDIα transgenic lenses. (A) In vivo Brd
in Tg mice. In WT E15.5 lenses, the BrdU-labeling was localized (bright yellow fluo
between the two white arrows). However, compared to WT lenses, in the Tg lenses
labeling (bright yellow fluorescence). Additionally, most of the nuclei in the fiber cel
labeled with propidium iodide to localize the cell nucleus (red fluorescence). Repr
Quantitative differences in BrdU incorporation in the lens central epithelium, panel b
lenses, % BrdU incorporation was found to be significantly higher in the central epith
in the total number of nuclei in central epithelium between WT and Tg lenses. ∗Pb
Since the various WT lenses showed identical values, data derived from WT littermhomogenates by immunoblotting analysis. Crystallins are the
most abundant lenticular proteins whose expression is induced
during lens epithelial cell differentiation, owing to which,
differentiated lens fibers display high levels of crystallins
relative to the lens epithelium (Piatigorsky, 1981). We deter-
mined the levels of αA, βB2 and γ-crystallins in the total
homogenates of Tg and WT lenses of P1 mice using polyclonal
antibodies. Crystallin profiles were found to be very similar
between the Tg and WT lenses (data not shown). Western
blotting and immunofluorescence techniques were additionally
used to evaluate the levels and distribution of aquaporin-0,
phakinin (CP-49) and connexin-50, which are lens fiber specific
proteins whose expression is initiated specifically during lens
fiber cell differentiation (Piatigorsky, 1981). The levels of
Aqaporin-0, a water channel protein which is also identified as
major intrinsic protein-26 (MIP-26) were markedly decreased to
almost undetectable levels in P1 Tg lenses compared to the WT
lenses, based on the immunoblot analysis (Fig. 6A). Similarly,
immunolabeling of Tg lens cryosection with anti-MIP 26
antibody revealed very weak staining in the lens fibers (Fig.
6B, panel b) relative to very specific and intense immunostaining
along the fiber cell membrane in the WT lenses (Fig. 6B, panel
a). The levels of phakinin, the lens specific beaded filament
protein were also decreased in the P1 Tg lenses compared toWT
lenses (Fig. 6A). Additionally, immunofluorescence-basedU incorporation was performed to evaluate lens epithelial cell proliferation status
rescence) to the central and equatorial regions of the epithelium (anterior region
(δ6, δ22 and δ91), the entire central epithelium revealed intense BrdU positive
ls were positive for BrdU incorporation in the Tg lenses. Lens sections were co-
esentative images from the Tg line δ22 and δ91 are shown in this figure. (B)
and differentiating fibers, panel c between WT and Tg mice. Compared to WT
elium, panel b and fibers, panel c in transgenic lenses. Panel a, indicates changes
0.05, ∗∗Pb0.01; 6–8 lens sections were analyzed from two independent mice.
ate of Tg line 22 was given as a representative (A, B).
Fig. 6. Defective organization of water channel and gap junctional proteins in
the RhoGDIα transgenic lens fibers. (A) P1 Tg lens homogenates (800×g
supernatants) showed decreased levels of fiber-specific beaded filament protein
(CP-49, also called phakinin), water channel protein Aquaporin-0 (also called
MIP-26) compared to WT lenses, as determined by western blot analysis. Actin,
which was immunoblotted to confirm equality of protein loading, indicated no
differences between the WT and Tg specimens. (B) Immunofluorescence
distribution of aquaporin-0 in P1 WT and Tg lens cryosections. While
immunolabelling for aquaporin-0 shows a fiber cell specific distribution along
the cell membrane in WT lenses, a much weaker immunostaining that was not
specifically localized to the lens fiber cell membrane, was noted in the case of Tg
lenses. (C) Immunofluorescence distribution of connexin-50, a lens fiber-
specific gap junction protein in Tg and WT lenses. Similar to aquaporin-0, WT
lenses reveal a specific and punctate immunopositive staining pattern for
connexin-50 distributed along the fiber cell membrane (panel a, indicated with
arrows), while there was no detectable immunopositive labeling for connexin-50
in the Tg lenses (b). The lens capsule exhibits a non-specific bright staining in
both WT and Tg specimens.
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protein, revealed specific and punctate staining pattern localiz-
ing along the lens fiber cell membrane in WT lenses (Fig. 6C; a,
indicated with arrows). In the Tg lenses, however, the lens fibers
did not exhibit any specific immunopositive staining for
connecxin-50 (Fig. 6C, panel b). These observations collectively
indicate impairments in fiber cell membrane make-up, organiza-
tion and very likely function, in the Rho GDIα Tg lens fibers.
The RhoGDIα Tg lenses at embryonic stage (E14.5) were
found to be slightly bigger in size compared to the WTlittermate lenses (Fig. 3A). However, neonatal and postnatal Tg
eyes and lenses were found to be much smaller than the WT
(Figs. 1E and 4A). To determine whether aberrant cell survival
status was responsible for the decreased eye and lens size in the
Tg mice, we performed the TUNEL assay in lens sections
derived from P1 mice using the fluorescein-tagged anti-
digoxigenin antibody (Fig. 7). While WT lens specimens
showed no significant positive TUNEL labeling (Fig. 7A) both
in epithelium and fibers, the Tg lenses revealed increased
TUNEL positive staining, especially in the degenerative fiber
cells. As shown in Figs. 7B and C, the P1 fiber cells of Tg lenses
are grossly degenerated, disorganized and the nuclei is scattered
throughout the fiber cells. Further, these same tissue sections
exhibited extensive TUNEL positive staining (indicated with
arrows) in the lens fiber mass compared to WT lenses. To
localize the nuclei, these lens sections were co-stained with
propidium iodide and in the superimposed photographs of the
TUNEL staining and propidium iodide staining, the bright
yellow fluorescence indicates apoptotic cell death (indicated
with arrows). The corresponding lens posterior region from WT
lenses did not exhibit positive propidium iodide labeling of
nuclei (not shown). The photograph in Fig. 7 is a representative
of the multiple analyses with the same degree of TUNEL
positive staining in the Tg lenses. Compared to P1 Tg lenses,
the E15.5 Tg and WT lenses did not reveal any difference in
TUNEL staining.
Disrupted organization of actin cytoskeleton and cell–cell
adhesions in RhoGDIα overexpressing mouse lens
Regulation of actin cytoskeletal organization, cell–ECM and
cell–cell interactions constitute the by far most well-understood
cellular activity of Rho GTPases (Burridge and Wennerberg,
2004; Etienne-Manneville and Hall, 2002). Since overexpres-
sion of the RhoGDIα is expected to impair membrane
localization as shown in Fig. 2B and is consequently expected
to impair Rho GTPases activity, we examined the status of actin
filament organization and distribution of β-catenin, a cadherin
interacting cell adhesion protein in the RhoGDIα Tg lenses, by
immunofluorescence staining. Based on phalloidin–rhodamin
staining, distribution of the actin filament network, appeared to
be uniform in the epithelium and in the differentiating fibers of
the WT P1 lens cryosections (both sagittal and equatorial planes
Figs. 8A and B, respectively). Actin filaments are localized
prominently along the cell membrane of both epithelial (basal to
apical) and fiber cells (from anterior tips to posterior tips, in the
sagittal sections Fig. 8A; a) in cryosections from WT P1 lenses.
In contrary, the phalliodin staining was diminished markedly
and displayed a less than distinct distribution along the lens
fibers, relative to that noted for WT lenses (panel b in Figs. 8A
and B). Labeling of filamentous actin in the WT lens sections
derived from equatorial plane showed a uniform and clustered
localization at the angles along the short side of the hexagonal
fiber cells (indicated with arrows, Fig. 8B; panel a) consistent to
earlier reported observations (Lee et al., 2000; Lo et al., 1997).
On the other hand, in the Tg lenses, the fiber cells were
organized in distorted manner and did not exhibit the typical
Fig. 7. Increased apoptotic cell death of the lens fibers in the RhoGDIα transgenic eyes. P1 WT and Tg lens cryosections were examined for apoptotic cell death by
detecting the digoxigenin-nucleotides using a fluorescein-tagged anti-digoxigenin antibody. These same lens sections were also co-stained with propidium iodide to
localize nuclei. While WT lens sections (A) revealed no TUNEL positive cells in the fiber cells, degenerating lens fibers of Tg lens showed increased TUNEL positive
immunostaining in the central (B) and posterior (C) regions (indicated with arrows). Epithelium from both WT and Tg lenses showed sporadic TUNEL positive cells
but with no significant difference between the two types of lenses. A representative image is shown based on multiple analyses.
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tion of the filamentous actin is not localized to the angles of the
fiber cells, being spread throughout the plasma membrane
instead (Fig. 8B; b indicated with arrows). The diminished
staining of phalloidin in the Tg lenses was confirmed as not
being related to the changes in the actin content. Immunoblot
analysis of both the Tg and WT lenses for the total actin content
showed no significant difference between the two groups (data
not sown) indicating the diminished staining could be related to
defective actin filament organization and polymerization in the
Tg lenses.
Immunostaining analysis for β-catenin revealed its distribu-
tion along the intercellular junctions of the epithelial cells, and
along the fiber cell lateral membrane in the WT lenses (Fig. 8C;
panel a). The epithelium, the newly differentiating, and
secondary fibers of the WT lens in the cortical region exhibited
very strong and specific positive staining for β-catenin along
the fiber cell membrane (Fig. 8C; a). While the epithelium of Tg
lenses revealed a normal distribution of β-catenin localizing to
the cell junctions (indicated with arrows) (Fig. 8C; b), the lens
fibers, especially the disorganized fibers, exhibited markedly
diminished staining for β-catenin, which additionally do not
localize along the fiber cell lateral membrane strongly implying
abnormalities of cell adhesive activity in the RhoGDIα
overexpressing Tg lenses (Fig. 8C; b).
Robust activation of αB-crystallin phosphorylation in the
RhoGDIα overexpressing mouse lens epithelium
αB-crystallin, a small heat shock protein and an abundant
lens protein binds to actin and other cytoskeletal proteins, is
thought to possess chaperone-like activity and participate in
membrane organization (Horwitz, 2003). Further, in migrating
lens epithelial cells, αB-crystallin has been shown to localize to
the leading edges in a phosphorylation-dependent manner, and
to co-localize with abl-kinase interacting proteins (Abi-1 and
Abi-2) and WAVE, which are regulators of actin dynamics
(Maddala and Rao, 2005). To determine the effects of
overexpression of RhoGDIα on the distribution of phosphory-
lated αB-crystallin, we immunostained the P1 lens sections of
both Tg andWTwith Ser-59 phosphospecific anti-αB-crystallinpolyclonal antibody (Fig. 9A; panels a, b). While phospho-αB
crystallin was spread uniformly throughout the lens including
the epithelium and fibers (Fig. 9A; a) of WT lenses, Tg lenses in
contrast, exhibited an intensely staining epithelium (Fig. 9A; b
indicated with arrows). Both the equatorial and central
epithelium of the Tg lenses revealed a very intense and
increased staining for Ser-59 phospho αB-crystallin, relative to
that observed in the WT lens. On the other hand, the
degenerating fiber mass of the Tg lens did not show much
difference. Western blot analysis of total lens lysate (800×g
supernatant) and membrane fractions (100,000×g pellet) of the
lens tissue derived from the Tg and WT demonstrated increased
levels of phospho-αB in both these fractions in the Tg lenses as
compared to the WT lenses (Fig. 9B).
Discussion
This study reveals that overexpression of RhoGDIα during
development disrupts lens morphogenesis and illuminates a
critical requirement for the Rho, Rac and Cdc42 GTPase
activity in regulating lens fiber cell migration, elongation,
organization and survival. The most obvious and early effect of
Rho GDIα overexpression is that the secondary lens fibers fail
to migrate and elongate properly, owing to which, the lens fibers
do not reach the lens epithelium or make cell–cell contacts with
epithelial cells, lack symmetry and fail to form lens sutures.
Furthermore, the RhoGDIα overexpressed Tg lens fibers
exhibit disruption in organization of fiber cell gap junctions,
water channels, and actin cytoskeletal organization and cell–
cell junctions.
Lens morphogenesis and shape depend mainly on lens
epithelial cell proliferation, migration, polarization, elongation
and differentiation, processes known to be regulated spatially
and temporally by various external factors (Chow and Lang,
2001; Lovicu and McAvoy, 2005; Piatigorsky, 1981). However,
the mechanistic bases underlying these cellular processes and
the role(s) of different intracellular pathways in these events are
largely unknown. The Rho GTPases including Rho, Rac and
Cdc42, have been shown to play a crucial role in controlling
various cellular activities including cell migration, polarity,
trafficking, proliferation, differentiation and survival (Burridge
Fig. 8. Defective organization of actin filament and adherens junction-associated β-catenin in the RhoGDIα transgenic lenses. Sagittal (A) and equatorial (B) plane
cryosections from P1WTand Tg lenses were stained for filamentous actin with rhodamin–phalloidin, and fluorescence staining images were captured with a confocal
microscope. While the actin filament network is distributed uniformly in the WT lens epithelium and fibers along the cell membrane in the tissue sections derived from
the sagittal plane (A; panel a), in the Tg lens fibers (A; panel b), actin distribution is distorted with irregular organization and a much reduced staining. Images viewed
from the equatorial plane of the WT lens sections (B; panel a) revealed a uniform and clustered localization of actin filament at the angles of the short side of the
hexagonal fiber cells (indicated with arrows), in the lens epithelial cells, it is distributed from basal to apical side along the cell membrane. On the other hand, in the Tg
lenses (B; panel b), the fiber cells exhibit an asymmetric and distorted cell morphology, and actin filaments do not exhibit the atypical clustered localization at the
angles of the hexagonal fiber cells, being distributed uniformly along the fiber cell membrane (indicated with arrows). (C) Distribution of β-catenin in P1 WT and Tg
lenses. The sagittal P1 lens cryosections immunostained with anti-β-catenin polyclonal antibody in conjunction with FITC-conjugated secondary antibody showed
distribution of β-catenin at the intercellular junctions of the epithelial cells, and in fibers it is distributed along the fiber cell membrane, spreading from anterior to
posterior tips (panel a). In the epithelium of Tg lenses (panel b), β-catenin distribution was found to be similar to that of WT lenses, localizing to the intercellular
junctions (arrows). In the fibers, however, its distribution was found to be distorted and did not show uniform localization along the fiber cell membrane and exhibited a
much weaker staining compared to WT lenses.
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Etienne-Manneville and Hall, 2002). These processes are
mediated via the direct involvement of the Rho GTPases in
regulation of actin cytoskeletal organization, actin polymeriza-
tion, cell adhesions, cell cycle progression and transcriptional
activation (Burridge and Wennerberg, 2004; Hall, 2005).
However, these conclusions are derived largely based on cell
culture studies, and our knowledge regarding the role of the Rho
GTPases in organ morphogenesis and development is limited
(Maddala et al., 2004; Togawa et al., 1999; Wei et al., 2002).
Our observations in this study unveil the vital role played by the
Rho GTPases in lens fiber cell migration and elongation, and
mouse lenses overexpressing RhoGDIα, which is an in vivoinhibitor of Rho GDP dissociation, exhibited disruptions of lens
fiber cell migration and elongation, and abnormal changes in
cell shape and organization.
Intriguingly, at E14.5, the RhoGDIα Tg lens size appears to
be actually larger in size compared to WT lenses. Although this
change appears to be marginal (18%), it was found to be
consistent among the different Tg lines (Fig. 3A). Interestingly,
in the in vivo BrdU incorporation experiments, the Tg E15.5
lenses showed increased incorporation (75% to 85%) in the
central epithelium as compared to the WT littermates, where
only 50% cells revealed positive BrdU labeling (see Figs. 5A
and B). Further, the fiber cells which normally exit the cell
cycle by day E15.5 also continued to be positive for BrdU
Fig. 9. Increased αB-crystallin phosphorylation in the RhoGDIα transgenic lens epithelium. (A) P1 WT and Tg lens cryosections immunostainined with a Ser-59
phosphospecific αB-crystallin antibody revealed the presence of phosphorylated αB-crystallin in the epithelium and fibers cells. However, while distribution of
phosphorylated αB-crystallin was uniform between the epithelium and fiber cells of WT lenses (a), the Tg lenses (b), exhibited a very intense staining for
phosphorylated αB-crystallin throughout the epithelium, including at the equatorial and central regions (arrows). A representative photograph is presented in this
figure based on multiple analyses using lens sections derived from the different Tg lines. (B) Transgenic lens total (800×g supernatants) or insoluble fractions
(100,000×g pellets) immunoblotted with phosphospecific αB-crystallin antibody showed a significant increase in the levels of phosphorylated αB-crystallin, both in
total homogenate and membrane fractions compared to the WT lenses. Actin was probed in the same samples to confirm loading equivalence for protein.
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difference between Tg and WT lenses indicates that in the Tg
lenses, the central epithelial cells which normally exhibit
reduced proliferation at E15.5 and stay quiescent in postnatal
lenses, appear to continue to proliferate, with lens fiber cells
also exhibiting abnormalities of cell cycle progression. Whether
these alterations are partly responsible for the increased lens size
in the Tg embryonic eyes is a speculation at present. Our
observation of increased lens size and increased lens epithelial
cell proliferation in response to RhoGDIα overexpression is
somewhat contradictory to the response reported for cardiac
tissue growth (Wei et al., 2002). In the RhoGDIα overexpressed
mouse heart, cell proliferation has been shown to be reduced
significantly in association with increased expression of p21
(Waf1/Cip1) cell cycle inhibitor (Wei et al., 2002). However,
inhibition of Rho GTPases activity has also been shown to
promote progenitor cell proliferation (Ghiaur et al., 2006)
indicating that the effect of Rho GTPases inhibition could be
cell type specific, in the context of cell proliferation responses.
In contrast to the embryonic lenses, the size of the eye and lens
was much smaller (50%) compared to the wild type in the
postnatal Tg mice (P1 and 1-month-old mice, see Fig. 1E; a and
b). Although ocular tissues other than the lens showed no
structural or histological abnormalities, reduced eye size in
postnatal mice might be the result of a degenerated lens in theTg animals due to increased apoptosis of lens fibers as shown in
Fig. 7. Further, lens secreted factors have been shown to be
critical for the development of anterior chamber and the growth
of the eye (Chow and Lang, 2001; Jean et al., 1998), thus the
disrupted lens in the RhoGDIα Tg mice might be also partly
responsible for decreased eye growth. Similar observations
have been reported in mice with disrupted lens TGF-β signaling
or with homozygous deletion of c-abl interacting protein Abi-2
(de Iongh et al., 2001; Grove et al., 2004). In situ hybridization
analysis at E17.5 revealed that transgene expression predomi-
nantly localized to the lens fibers (and was minimally detectable
in lens epithelium), suggesting that the lens epithelial changes
observed in the Tg lenses might not be solely due to inactivation
of Rho GTPases in the lens epithelium. However, the transgenic
mice that were developed using the αA-crystallin promoter
alone did not exhibit any obvious lens defects, either at P1 or in
1-month-old animals (data not shown), indicating the impor-
tance of chimeric promoter for the observed phenotype induced
by the RhoGDIα overexpression.
The consistent phenotype caused by RhoGDIα overexpres-
sion in the mouse lens is defective fiber cell migration,
organization and attenuated fiber cell elongation. Histological
analysis of E14.5 and P1 RhoGDIα Tg lenses revealed
abnormal orientation of migrating fibers at the equatorial
region, with secondary fibers failing to reach the epithelium and
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abnormalities could be the result of the observed defects in actin
cytoskeletal organization and cell–cell junctions, processes
regulated by Rho, Rac and Cdc42, in the migrating and
elongating lens fibers (Fig. 8). Staining for filamentous actin
and β-catenin in the RhoGDIα Tg lenses showed not only much
reduced staining in the fibers cells, but also abnormal
distribution of actin filament, indicating disruption in actin
cytoskeletal organization and cell–cell adhesions. Additionally,
Tg lenses revealed abnormal fiber cell morphology and did not
posses characteristic hexagonal and symmetrical fiber cell
organization seen in WT lenses (Fig. 8B). Cell migration is
critically dependent on Rho GTPases regulated actin cytoske-
letal dynamics, formation of lamellipodia and integrin–ECM
adhesions formation, and actomyosin-based cellular contraction
(Ridley et al., 2003). In our earlier study we demonstrated the
involvement of Rho GTPases in growth factor-induced lens
epithelial actin cytoskeletal organization, focal adhesion and
adherens junction formation (Maddala et al., 2003). Differentia-
tion of lens fibers has also been shown to be associated with
increases in myosin light chain phosphorylation (Maddala et al.,
2007). Further, defective growth factor signaling has been
reported to lead to defective lens fiber cell migration (de Iongh
et al., 2001) and Rac GTPase has recently been suggested to be
involved in cortical actin reorganization during lens fiber
differentiation (Weber and Menko, 2006b). Moreover, the
phenotype of RhoGDIα Tg mouse lens fiber cell migration
pattern and organization was found to be somewhat similar to
that of the Abi-2 null mouse lens (Grove et al., 2004). The c-abl
kinase interacting proteins Abi-1 and Abi-2 regulate actin
polymerization at the leading edges of migrating cells in a Rac
GTPase-dependent manner by regulating WAVE/Arp 2/3
complex activity (Soderling and Scott, 2006; Stradal et al.,
2001). The Abi-2 null lens phenotype has been attributed
primarily to defective fiber cell migration (Grove et al., 2004).
The observed similarity in lens phenotype between the
RhoGDIα Tg and Abi-2 null mice further support the
importance of regulated actin cytoskeletal organization and
fiber cell migration for lens morphogenesis and growth. We
speculate that the disrupted fiber cell migration observed in the
RhoGDIα Tg mice could be primarily due to defective Rac and
Cdc42 GTPase signaling activity, because in our previous study
using a C3-exoenzyme-mediated selective inactivation of RhoA
and RhoB GTPases, we did not note such obvious changes in
the fiber cell migration patterns (Maddala et al., 2004).
Conditional gene ablation studies would be required to acquire
a better understanding of the specific role and involvement of
Rac and Cdc42 GTPases in lens fiber cell migration and
organization.
Intriguingly, the RhoGDI transgenic lenses also showed
increased levels of Rho, Rac and Cdc42 Rho GTPases protein
levels perhaps through negative feed back response to the
inhibition of Rho GTPases by overexpression of Rho GDI. A
similar observation has been reported in the transgenic heart
tissue overexpressing RhoGDI (Wei et al., 2002), indicating the
role of RhoGDI in the regulation of Rho GTPases expression.
Interestingly though, the increased levels of Rho GTPasesobserved in the RhoGDI Tg lenses did not result in net increases
in either the amount of activated Rho GTPase as evaluated by
membrane localization (Figs. 2A and B), or in the amounts of
RhoGDI unbound Rho GTPases as tested by GST–RhoGDI–
Rac interaction assays (Supplemental Figure). These observa-
tions collectively support the contention that the majority of the
lens changes caused by the transgenic overexpression of
RhoGDI could be attributed to the inactivation of Rho GTPases.
Interestingly in the RhoGDIα Tg lenses, the levels of Ser-59
phosphorylated αB-crystallin, which are known to be regulated
by p38 MAPK (Maddala and Rao, 2005), were markedly
increased especially in the lens epithelium (Fig. 9). αB-
crystallin, a small heat shock protein has been shown to
localize to the focal adhesions, lamellipodium, and interact with
actin cytoskeleton and colocalize with Rac-regulated WAVE
and Arp2/3 complexes in the migrating lens epithelial and in
other cell types, in a phosphorylation-dependent manner
(Launay et al., 2006; Maddala and Rao, 2005). Therefore, the
increased levels of phospho-αB crystallin in RhoGDIα Tg lens
epithelial cells are likely a consequence of defective interactions
and cell adhesions between epithelial and fiber cells in Tg
lenses. It remains unclear whether Rho GTPases directly
regulate αB-crystallin phosphorylation, or whether the noted
increase in αB-crystallin phosphorylation is secondary to
defective lens integrity.
Rho GDIα Tg lenses showed marked decreases in the protein
levels of aquaporin-0 and phakinin (Fig. 6). Additionally, the
distribution of aquaporin-0 and connexin-50 in RhoGDIα
expressing Tg lenses was found to be abnormal (Fig. 6).
Mutations in aquaporin-0, connexin 50 and beaded filaments
(phakinin and filensin) result in cataracts in mice and humans
indicating a fundamental role for these proteins in lens function
(Francis et al., 1999; Graw, 2004; Perng and Quinlan, 2005;
Rong et al., 2002). In the RhoGDIα Tg lenses, the disrupted
actin cytoskeletal organization and fiber cell elongation leading
to defective fiber cell membrane organization and trafficking,
might be a reasonable explanation for the disrupted organization
of transmembrane aquaporin-0 and connexin-50. We have noted
similar changes in RhoA and RhoB inactivated lenses in earlier
studies (Maddala et al., 2004). Since the decreased levels of
aquapoprin-0 and connexin-50 proteins appeared not to be
related to altered gene transcription (based on cDNAmicroarray
analysis, data not shown), we speculate that the defective
cortical cytoskeletal organization in fiber cells from lenses
overexpressing RhoGDI, affects the membrane trafficking of
aquaporin-0 and connexin-50, perhaps leading to degradation of
these proteins. Moreover, the ERM (ezrin–radixin–moesin)
proteins which link the cortical actin cytoskeleton to integral
membrane proteins, and control cell shape, membrane traffick-
ing and cortical cytoskeletal organization, require Rho GTPases
activity for their activation (Bretscher et al., 2002). In
preliminary analyses, we noted that ERM protein phosphoryla-
tion, which is critical for the actin binding ability of these
proteins, is decreased in RhoGDIα transgenic lenses (Rao and
Maddala, unpublished data).
In summary, this work demonstrates that the activity of Rho
family of GTPases including Rho, Rac and Cdc42 is essential
230 R. Maddala et al. / Developmental Biology 315 (2008) 217–231for lens growth and development, and that this family of small
GTPases play a key role in regulating lens epithelial cell
elongation, migration, membrane integrity and differentiation.
Further studies focused on lens-specific and molecular targeted
approaches are warranted to delineate the precise role(s) of each
of the Rho family of GTPases in regulation of lens epithelial cell
proliferation, elongation, migration and differentiation.
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